Abstract It has been reported that in the chick embryonic retina, N-cadherin first appears at the very early stages and is subsequently substituted by R-cadherin at the middle to late stages of development. To examine the role of R-cadherin in the morphogenesis of chick retinal pigment epithelium (RPE), the distribution of this adhesion molecule was studied by immunofluorescence cytochemistry and immunoelectron microscopy from embryonic day (E) 6 to hatching. R-cadherin immunoreactivity was detected at E6, and was strongest at E12-13. During these stages, R-cadherin was expressed uniformly on the lateral plasma membranes of RPE cells in contact with each other. Thereafter, R-cadherin immunoreactivity was markedly decreased, with intense immunoreactivity restricted to zonulae adherentes in latero-apical regions at E16. R-cadherin immunoreactivity was no longer detectable in the newly hatched chick RPE, even though morphologically well developed zonulae adherentes were present in latero-apical regions. No immunoreactivity was detected on the apical side facing the neural retina or on the basal side facing the basal lamina at any stage of development. These findings indicate that R-cadherin plays an important role as a major cadherin subtype in the morphogenesis of chick embryo RPE, and is involved initially in non-specific cell-cell adhesions, and subsequently in the formation and maintenance of developing zonulae adherentes.& b d y :
Introduction
The retinal pigment epithelium (RPE) is a simple epithelium composed of hexagonal cells contiguous to the choroid at the basal side and facing the neural retina at the apical side, forming a blood-retinal barrier (Coulombre 1979) . The adjacent RPE cells are firmly attached to each other by a series of intercellular adhesions known as junctional complexes, consisting of a tight junction (TJ) and zonula adherens (ZA) (Hudspeth and Yee 1973; Morioka and Hirosawa 1989; Kniesel and Wolburg 1993) . The junctional complex is situated in the latero-apical region of the RPE cells, with TJ being located apical to ZA. TJ is considered to function as a diffusion barrier, while ZA provides structural stability, contributing to the maintenance of the structures of the RPE (Hudspeth and Yee 1973; Crawford 1980; Sandig and Kalnins 1988) . It is known that the chick RPE cells lack desmosomes (Docherty et al. 1984; Owaribe et al. 1988 ), but possess well developed ZAs which are associated with prominent circumferential microfilament bundles (CMBs) (Owaribe and Masuda 1982; Owaribe et al. 1988; Sandig and Kalnins 1990) . Gap junctions are also found occasionally.
The cadherins comprise a family of Ca 2+ -dependent intercellular adhesion molecules (Takeichi 1990; Geiger and Ayalon 1992; Grunwald 1992 Grunwald , 1993 . They are crucial not only for physical cell-cell associations but also for selective cell-cell adhesion (Takeichi 1991) . The typical cadherin subtypes, such as E-, P-, N-cadherin, and L-CAM have been found to be mainly expressed in epithelial tissues, placenta, neural tissues, and liver, respectively (Takeichi 1990 (Takeichi , 1995 . Even in the same tissues, different subtypes of cadherin are successively expressed spatiotemporally during embryonic development. Cell adhesion selectivity is a general property of cadherin subtypes and each subtype participates in specific processes of morphogenesis of tissues and organs (Matsunaga et al. 1988; Takeichi 1988 Takeichi , 1990 Takeichi , 1991 Takeichi , 1995 Redies et al. 1992 Ranscht 1994; Tanihara et al. 1994 ). R-cadherin was originally identified as a cadherin subtype expressed in the chick embryonic retina (Inuzuka et al. 1991b; Matsunami et al. 1993 ). This cadherin subtype is a transmembrane glycoprotein which has 913 amino acids and resembles N-cadherin not only in amino acid sequence but also in binding specificity. In the development of chick retina, R-and N-cadherin are differentially expressed spatiotemporally. N-cadherin is expressed very early in the development of the retina, while R-cadherin becomes dominant and continues to be expressed at the middle to late stages of development after cessation of N-cadherin expression; at embryonic day (E) 3.5-4.5, at which time N-cadherin expression declines, R-cadherin begins to be expressed, continues to exist beyond E14, and ceases to be expressed before hatching (Inuzuka et al. 1991b; Matsunami et al. 1993) .
As yet, no detailed structural studies of R-cadherin localization have been conducted. In the present study, to examine R-cadherin expression at the fine structural level during development, localization of R-cadherin was examined by immunofluorescent cytochemistry and immunoelectron microscopy in developing RPE of chick embryo.
Materials and Methods

Animals
Fertilized eggs of White Leghorn chicken were obtained from a local farm and incubated in a humidified atmosphere (forced-draft incubator) at 38°C until they reached the desired stages of development. Stages of the embryos were determined according to Hamburger and Hamilton (1951) . Embryos of E6, E8, E10, E12, E13, and E16, and newly hatched chicks (NH) were used. Chicks were anesthetized with ethyl ether before fixation.
Antibodies
It has been demonstrated that the mouse R-cadherin has 94% identity to chicken R-cadherin, that its cell-binding specificity is conserved between the two species, and that an affinity-purified rat monoclonal anti-mouse R-cadherin antibody (MRCD-5) can be used as a specific antibody against chick R-cadherin (Matsunami et al. 1993) . Tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat anti-rat IgG antibody (Chemicon, Calif., USA) was used as a secondary antibody for immunofluorescence microsco- py. A 1-nm colloidal gold-labelled goat anti-rat antibody (Nanoprobes, N.Y., USA) was used as a secondary antibody for immunoelectron microscopy to detect and visualize antigen sites at the ultrastructural level.
Tissue preparation
The RPE of E6, E8, E10, E12, E13, E16, and NH were dissected from the posterior part of the eyes. The retina was cut into thin tissue blocks with a razor blade under a dissecting microscope and were immediately fixed for 5 h at 4°C in 3.5% paraformaldehyde in 50 mM TRIS-buffered saline (TBS) supplemented with 1 mM CaCl 2 (TBS-Ca) at pH 7.5, 8% sucrose, and 0.05% tannic acid. The specimens were then immersed in a series of increasing concentrations of sucrose (10, 15, 20, and 25%) in 50 mM TBS-Ca at pH 7.5, embedded in Tissue-Tek OCT compound (Miles, Ind., USA), and quick-frozen in liquid nitrogen. Eight-micrometer-thick sections were cut in a cryostat, air-dried on glass slides, and processed for histochemistry.
Immunofluorescence microscopy
The sections on glass slides were washed in TBS-Ca for 30 min and then incubated for 30 min with TBS-Ca at pH 7.5 containing 5% bovine serum albumin (BSA) to block non-specific binding. Sections were then incubated for 2 h with a rat monoclonal antibody (MRCD-5) diluted 1:50 in TBS-Ca containing 1% BSA (TBS-Ca-BSA) at room temperature in a moist chamber. After washing 3 times with TBS-Ca, the sections were incubated for 1 h at 37°C with TRITC-conjugated anti-rat IgG antibody in the dark.
After rinsing with TBS-Ca, the sections were embedded with 90% glycerine containing 1 mg/ml p-phenylenediamine in TBS-Ca and examined with a fluorescence microscope (Zeiss, Germany) and a confocal scanning fluorescence microscope (Bio-Rad, Calif., USA). Control sections were processed in the same way except that the primary antibody had been substituted with non-immune serum in the incubation medium.
Immunoelectron microscopy
For immunoelectron microscopy, sections were incubated, after blocking as above, for 24 h at 4°C with a rat monoclonal antibody (MRCD-5) diluted 1:50 in TBS-Ca-BSA and then, after washing, incubated with a colloidal gold-labelled goat anti-rat antibody diluted 1:50 in TBS-Ca-BSA at 4°C in the dark for another 24 h. Then the specimens were washed in 0.1 M sodium cacodylate buffer and postfixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer for 5 min at room temperature. After a rinse with 0.05 M HEPES buffer at pH 5.8 for 2 h, HQ Silver kit (Nanoprobes) was used for a high-quality silver enhancement of colloidal gold particles. Following a rinse with distilled water several times, sections were processed in the same manner as for conventional electron microscopy.
Conventional electron microscopy
For conventional electron microscopy, several tissue blocks of retina were fixed in 3.5% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at pH 7.4 overnight at room temperature. NH were fixed by perfusion from the heart with the same fixative, and the retina was dissected into small blocks. After washing in buffer, the specimens were postfixed in 1% OsO 4 in 0.1 M sodium cacodylate buffer at 4°C for 2 h, dehydrated in a graded series of increasing concentrations of ethanol and propylene oxide, and embedded in Epon 812 resin. Ultrathin sections were cut with a diamond knife on a LKB 8800 Ultratome, stained with uranyl acetate and lead citrate, and observed in a JEM 1200EX transmission electron microscope operated at 80 kV. Results
General morphology of chick RPE during development
The ultrastructures of chick RPE of E6, E8, E10, E12, E13, E16, and NH were observed by conventional electron microscopy. The RPE consisted of a single layer of cuboidal cells situated between the neural retina and the choroid. The basal side of the RPE cells was on the basal lamina adjacent to the choroid, while the apical side faced the neural retina. RPE cells were in contact with each other on the lateral side. At E6-E8, junctional complexes began to develop in latero-apical regions of the lateral side, while other parts of the lateral side displayed no specific junctions, but projected various cell processes which were in contact with those from neighboring cells (Fig. 1a) . Melanin granules, round or oval in profile, increased gradually in the basal portion. Mitochondria were predominant in the basal portion. Ribosomes and rough endoplasmic reticula were found throughout the cytoplasm. Well-developed Golgi complexes were seen apical to the nucleus. At E10-E13, junctional complexes developed in the latero-apical region. Slender cell processes developed in the apical portion, which were interdigitated with processes of developing neural retinal cells. Melanin granules increased in number and were distributed to both the apical and basal side. At E16 and in NH, junctional complexes were further developed in the latero-apical region (Fig. 1b, c) , and the plasma membranes showed extensive infoldings in the laterobasal regions. Well-developed smooth endoplasmic reticula were distributed throughout the cytoplasm. Lysosomes were present in the cytoplasm near the apical side. As described above, the lateral plasma membrane of RPE cells could be divided from apex to base into three regions: a latero-apical region comprising junctional complexes, a middle area of non-specific cell-cell contacts, and a latero-basal region of infolded plasma membranes (Fig. 1) . The junctional complex consisted of TJ and ZA. ZA was characterized by a relatively wide intercellular space with low electron density and by moderately electron-dense plaques associated with the plasma membrane at the cytoplasmic side. Elaborate ZAs with CMBs were found at the later stages of embryonic development and further developed after hatching. Thus, ZAs of chick RPE cells increased both in size and in electron density of the plasma membrane as well as in the extension of associated CMBs during embryonic development.
Developmental changes in expresssion and localization of R-cadherin
The localization of R-cadherin was studied by immunofluorescence cytochemistry at the light microscopic level from E6 to NH. Definite R-cadherin immunoreactivity was detected at E6, and gradually increased in intensity, reaching a peak around E12 to E13 (Fig. 2a, b) . Thereafter, R-cadherin immunoactivity decreased (Fig. 2c) and finally disappeared before hatching. From E6 to E13, immunoreactivity of R-cadherin was detected along the lateral side of RPE cells, and at E16 the immunoreactivity became restricted to small loci in the latero-apical region (Fig. 2) . No staining was observed at the apical side facing the neural retina or at the basal side residing on the basal lamina. No distinct immunoreactivity was detected in the cytoplasm of RPE cells. Confocal laser scanning microscopy clearly showed distinct immunoreactivity on the entire circumference at the lateral side of the obliquely sectioned RPE cells at E12 (Fig. 3) .
The changes in distribution of R-cadherin at the ultrastructural level were examined by immunoelectron microscopy. At the E6 stage, immunogold particles were distributed homogeneously a long the lateral plasma membranes, where adjacent RPE cells were in contact with each other (Fig. 4) . Immunogold particles were invariably deposited on the outer surface of plasma mem- branes, including ZAs, in the latero-apical region. In the latero-basal region, depositions of gold particles were limited to the sites at which plasma membranes of infolded cell processes touched each other. This pattern of gold particle distribution remained up to E13. In E16 embryos, the R-cadherin immunoreactivity markedly decreased from the lateral side except in the latero-apical region, in which the gold particles were deposited densely on the plasma membranes of ZAs (Figs 5, 6a ). In the latero-basal regions, gold particles were found sporadically on the foci at which the plasma membranes of cell infoldings were attached to each other, as seen in the previous stages (Fig. 6b) . No gold particle deposition could be found along the entire length of the lateral plasma membrane of RPE cells at hatching. 
Discussion
The present study has demonstrated that, during chick RPE development, R-cadherin expression is at first diffuse along the lateral cell membrane at E6-E13, then gradually decreases, while being confined to ZAs in the latero-apical region at E16, and finally disappears from RPE before hatching. This indicates that R-cadherin is a major subtype of cadherin for the formation and maintenance of RPE from the middle to late stages of development of chick RPE. Changes in the distribution of R-cadherin are considered to reflect, for the most part, the developmental processes of cell junctions including ZAs. These results reveal that R-cadherin initially has a role in non-specific cell-cell adhesions at the middle stages of development, and subsequently plays a critical role in the development of ZAs in chick embryo RPE. The cadherin family plays a crucial role in morphogenesis in homotypic cell-cell adhesion (Takeichi 1990 (Takeichi , 1995 . Cells selectively adhere to other cells expressing identical cadherin subtypes (Nose et al. 1988; Miyatani et al. 1989 ). The present study shows that R-cadherin is restricted only to the lateral side of embryonic RPE cells. Neither the apical side facing the neural retina nor the basal side facing the basal lamina exhibit R-cadherin immunoreactivity. R-cadherin immunoreactivity at the point of attachment of homotypic cells suggests that Rcadherin is homophilic in binding RPE cells (Inuzuka et al. 1991a) .
Cadherins play an important role not only in regulating morphogenesis but also in the formation and maintenance of junctional complexes (Takeichi 1991) . Cadherins are involved in a particular class of cell-cell junctions, especially in ZAs of polarized epithelial cells (Geiger and Ginsberg 1991; Mays et al. 1994) . ZAs are localized in general in the latero-apical regions of epithelial cells (Rodriguez-Boulan and Nelson 1989; Mays et al. 1994) . Junctional complexes in the latero-apical regions of the RPE are usually composed of a TJ and ZA (Hudspeth and Yee 1973; Sandig and Kalnins 1988) . In the chick RPE, ZAs in latero-apical regions are reported to increase about sixfold in size during development (Sandig and Kalnins 1990) . It has been shown that R-cadherin is only detected biochemically after E10 in the chick embryo, peaks by E14, and remains expressed at a high level throughout later development (Inuzuka et al. 1991a, b) . Immunohistochemically, R-cadherin begins and ceases to be expressed at E3.5-E4.5 and somewhere between E14 and hatching, respectively, in RPE cells (Inuzuka et al. 1991b ). The present observations have confirmed this finding, and further demonstrated that Rcadherin becomes confined to ZAs at E16 and eventually disappears before hatching. It is known that junctional complexes are established by E4 and well developed by E16-18 (Morioka and Hirosawa 1989) . The initiation of R-cadherin expression at approximately E4 coincides with the onset of the development of junctional complexes including ZAs. At E16, the immunoreactivity of Rcadherin is confined to well-developed ZAs. R-cadherin immunoreactivity is no longer detectable in NH whereas the well developed ZAs continue to be present in lateroapical regions after hatching. These findings imply that R-cadherin is expressed during precisely defined periods of development and is involved in the development of ZAs of chick embryos. Since differential expression of multiple cadherins at certain stages during development is related to morphogenetic processes, it is probable that a certain subtype of cadherin is substituted for R-cadherin to sustain mature ZAs after hatching. It is worth examining the presence of other subtypes such as E-, Por B-cadherin (Murphy-Erdosh et al. 1994 ) in mature ZAs. The subtype which first appears during RPE development is N-cadherin. N-cadherin is replaced by R-cadherin at around E4, continues to be expressed during embryonic development, and eventually disappears before hatching. This indicates that different cadherin subtypes participate in the morphogenesis of RPE spatiotemporally during embryonic development. Cadherins are essential not only for effective cell adhesion but also for transmembrane linkage to the cytoskeleton (Hirano et al. 1987; Nagafuchi and Takeichi 1988; Mays et al. 1994) . Cadherins are associated with catenin-actin cytoskeletal binding (Kemler 1993; Ranscht 1994; Marrs et al. 1995) . Recent electron micro- scopic examinations using tannic acid for fixation have revealed that the ZA in chick RPE cells is composed of an electron-dense intermembrane disc situated in the space between the two junctional membranes, and two electron-dense cytoplasmic plaques, one in each neighboring cell Kalnins 1988, 1990) . The extracellular domain of R-cadherin may, at least in part, contribute to the electron-dense intermembrane discs of developing ZAs. The cytoplasmic plaques are considered to be composed of molecular components such as vinculin, alpha-actinin (Geiger et al. 1985; Opas and Kalnins 1985) , and catenins (Geiger and Ginsberg 1991; Kemler 1993) . It has been shown that cadherin-mediated cell adhesion initiates assembly of the membrane cytoskeleton at the site of cell-cell contact (McNeill et al. 1990 ). The homogeneous R-cadherin staining on the lateral side from E6 to E13 suggests that R-cadherin plays a role in the sorting of cytoskeletal binding which is finally associated with the developing ZAs. The gradual accumulation of R-cadherin in developing ZAs implies that R-cadherin participates in the formation and maintenance of ZA in chick embryo RPE. It is of interest that sporadic immunogold depositions were found on the lateral side, including latero-basal regions in E12-E16. It is reported that small ZAs are formed sporadically on plasma membranes of cell infoldings in latero-basal regions of adult chicken (Sandig and Kalnins 1990) . The sporadic depositions of gold particles in the present study might possibly coincide with the sites at which small ZAs are destined to be formed in the later stages, although the ultrastructural specializations were not distinct during embryonic development. It is conceivable that membrane specializations suggestive of small ZAs, as observed by Sandig and Kalnins (1990) in the adult RPE, might be detectable in the area of gold particle depositions in embryonic RPE by improvement of fixation and staining. This supports the above idea that R-cadherin is involved in development of ZAs in chick embryo RPE.
